In this study, the surface modification of arsenopyrite and pyrite with low temperature oxygen plasma was developed as an effective approach to improve the flotation separation efficiency of minerals. The micro-flotation experiments results indicated that plasma pre-treatment can achieve selective flotation of arsenopyrite from pyrite. The XPS analysis results indicated that the oxidation degree of plasma-modification arsenopyrite surface is much higher than that of pyrite. A large number of sulfide components on the surface of the mineral were oxidized to highly-valence hydrophilic oxides by plasma pre-treatment. ICP-MS analysis results revealed that the dissolution rate was determined by the oxidation degree of minerals and plasma modified accelerated the dissolution of arsenopyrite and pyrite. Zeta potential determination results confirmed that plasma can keep a relatively higher adsorption of SBX on the pyrite surface but inhibit the adsorption of collector onto the arsenopyrite surface.
Introduction
Pyrite has been a vital mineral source to produce sulfur acid, a considerable amount of pyrite is closely associated with arsenopyrite [1] . Separation or selective depression of arsenopyrite from pyrite becomes imperative, especially extraction of the gold or silver associated with the pyrite matrix. In addition, when arsenic-bearing pyrite concentrate is smelted, hydrogen arsenide, arsenite and organic arsenide will be produced, posing a serious threat to the environment [2, 3] . Given the strict requirements for arsenic content in pyrite concentrate, higher separation efficiency of pyrite and arsenopyrite is of more significance. Separation of arsenopyrite from pyrite is usually achieved by selective depression of arsenopyrite using depressants like cyanide or oxidizing agents (e.g., hydrogen peroxide and magnesia-ammonia mixture) to selectively oxidize arsenopyrite [3] [4] [5] . As arsenopyrite is more sensitive to oxidation than pyrite, the floatability of arsenopyrite is reduced by controlling the concentrations of the depressants and collectors and the flotation parameters [5] . The hydrophilic iron hydroxyl compounds and the arsenate preferentially precipitate on the arsenopyrite surface by drawing upon the difference in oxidation rate, while pyrite still maintains a high recovery [6, 7] .
However, as the physical and chemical properties of arsenopyrite are similar to those of pyrite, arsenopyrite presents a similar hydrophobicity with pyrite in the flotation process when xanthate serves as collector [8, 9] . As their hydrophobic surface species are dixanthogen, xanthates are not cation-selective in the case of separation of arsenopyrite and pyrite, which makes it very difficult by 
Materials and Reagents
The representative pyrite and arsenopyrite samples employed in all the experiments were obtained from Yunnan province, China. For micro-flotation experiments and XPS analysis, the pyrite and arsenopyrite samples were overall crushed with an agate mortar. Subsequently, the fine-grained pyrite and arsenopyrite particles were sieved using Tyler screens to achieve a particle fraction of −105 + 38 µm. Besides, the fractions finer than 10 µm were screened for FTIR spectroscopic analysis and zeta potential measurements. Furthermore, the whole fractions fines than 105 µm for ICP-MS analysis. The chemical analysis suggested that the pyrite samples contained 45.87% Fe and 53.39% S and the arsenopyrite samples contained 34.30% Fe, 45.18% As and 19.69% S, which indicated that purity of pyrite and arsenopyrite samples were overall higher than 95%. To prevent the mineral surface from the oxidation, the samples employed in all experiments were ultrasonically cleaned and then vacuum dried.
Sodium butyl xanthate (SBX) served as the collector. The pH values of the solution were regulated using 0.1 mol/L sodium hydroxide (NaOH) and 0.1 mol/L hydrochloric acid (HCl) solutions. All reagents employed in this study were of analytical grade and deionized water was used throughout the experiments.
Sample Pre-treatment
For each experiment, 7 g of ultrasonically cleaned and vacuum dried ore sample was transferred to the reactor and placed uniformly on quartz sand. Subsequently, the piston with a HV electrode was plugged into the reactor and the lower end of the HV electrode was positioned 5 mm above the ore sample. Pre-inflate for half a minute before plasma ignition to remove residual air from the reactor. In the meantime, the flow rate of oxygen was controlled by the mass flow meter to 210 mL/min. Next, the voltage regulator was rotated to the required input voltage (30 V, 35 V, 40 V, 45 V) and the input current was adjusted to 1.2 ± 0.1 A. The timing started after the current was stable and the pre-treatment time was 30 s, 1 min, 2 min, 3 min, 4 min and 5 min, respectively.
A temperature probe (Testo108, GER) was used to measure the temperatures during the plasma modification. The highest temperatures at input voltages of 30 V, 35 V, 40 V and 45 V were 328.5 K, 333.4 K, 342.1 K and 355.4 K, respectively. The DBD reactor containing 7.0 g samples was placed in the above constant temperatures water and keep the liquid level above the sample position and inflating for 1 min at the oxygen flow rate of 210 mL/min. The same flotation 
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Sample Pre-treatment
A temperature probe (Testo108, GER) was used to measure the temperatures during the plasma modification. The highest temperatures at input voltages of 30 V, 35 V, 40 V and 45 V were 328.5 K, 333.4 K, 342.1 K and 355.4 K, respectively. The DBD reactor containing 7.0 g samples was placed in the above constant temperatures water and keep the liquid level above the sample position and inflating for 1 min at the oxygen flow rate of 210 mL/min. The same flotation procedure was used to investigate the effect of temperature on the separation efficiency of arsenopyrite and pyrite.
Flotation Experiments
The sample used in the flotation experiments was a mixed sample of arsenopyrite and pyrite with a mixed ratio of 1:1 by weight. Flotation experiments were performed in a 40-mL XFG flotation cell with an impeller speed of 1500 rpm and 5.0 g mixed samples were placed in 40 mL deionized water. 1 × 10 −4 mol/L SBX solution was poured into the suspension and agitated for 3 min. The flotation was performed for 5 min. Native pH (about 6.5) and no depressants or frothers were employed for the flotation experiments. The concentrates and tailings were overall weighed to calculate the flotation recovery and separation efficiency. Each flotation experiment was measured three times.
XPS Measurements
XPS measurements were performed using a Thermo Scientific apparatus (250 Xi, Thermo fisher Scientific, Waltham, MA, USA) with an Al K α X-ray source. To determine all elements in the measured sample, a survey scan was first performed at pass energy of 100 eV. Subsequently, multiplex (narrow) high resolution scan was performed at 30 eV to obtain the XPS spectrum of each specific element. The Thermo Avantage software was employed for data processing and fitting. The spectral intensities were converted to surface elemental concentrations by initially subtracting a Shirley-type background and then fitting peaks using an 80% to 20% Gaussian/Lorenzian line shape. The binding energies were calibrated using C 1s spectrum photoelectron peak (adventitious carbon, C-C) as a reference with a binding energy of 284.8 eV.
FTIR Spectroscopic Analysis
The infrared spectra of the untreated and plasma-modified samples were recorded with a Nicolet iS 10 Fourier Transform Infrared Spectrometer (Thermo fisher Scientific, Waltham, MA, USA) by KBr diffuse reflection method. The scanned area was from 4000 to 400 cm −1 . Each spectrum was recorded with 16 scans measured at 4 cm −1 resolution.
Zeta Potential Measurements
The zeta potentials of the arsenopyrite and pyrite before and after plasma pre-treatment were performed using a Brookhaven ZetaPlus zeta potential analyzer (Brookhaven, NY, USA). By mixing 0.1 g sample with 40 mL of deionized water containing 5 × 10 −3 mol/L KNO 3 background solutions, the mineral suspension was prepared. For each experiment, the suspension pH was adjusted to a desired value using 0.1 mol/L HCl or 0.1 mol/L NaOH stock solutions. If necessary, 1 × 10 −4 mol/L freshly prepared SBX solution was added into the suspension before pH adjustment. The prepared suspension was magnetically stirred for 5 min by a magnetic stirring apparatus. The resultant suspensions were allowed to stand still for 10 min and the supernatant of the suspension was transferred to a measuring vessel using a plastic dropper for zeta potential measurements at ambient temperature. The ζ potential of each sample was measured three times [25] .
Dissolution of Arsenopyrite and Pyrite by ICP Analysis
The concentrations of Fe and S (pyrite and arsenopyrite) and As (arsenopyrite) dissolved in arsenopyrite and pyrite before and after low temperature oxygen plasma were measured by ICP-MS (ELAN-DRC II, PE, MA, USA). The suspension was prepared by adding 2 g sample into the 100 mL deionized water and subsequently the prepared suspension was stirred by a magnetic stirring apparatus for a certain time. The supernatant was aspirated by a Pasteur pipette and transferred to two 
Experimental Results

Flotation Experiments Results
The flotation performances of the arsenopyrite and pyrite as a function of low temperature oxygen plasma pre-treatment time were evaluated and the results are shown in Figure 2 . The concept of separation efficiency was adopted to calculate the difference of the recovery by the same plasma pre-treatment time between pyrite and arsenopyrite, which is calculated by Equation (1) [26] : 
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Flotation Experiments Results
The flotation performances of the arsenopyrite and pyrite as a function of low temperature oxygen plasma pre-treatment time were evaluated and the results are shown in Figure 2 . The concept of separation efficiency was adopted to calculate the difference of the recovery by the same plasma pre-treatment time between pyrite and arsenopyrite, which is calculated by Equation (1) Figure 2 indicates that without plasma pre-treatment, the recoveries of arsenopyrite and pyrite reached 93.12% and 99.81%, respectively. A paired t-test was used to determine whether there was any significant difference in the flotation recovery before and after plasma modification. The results of the t-test (Table A1) indicate that, regardless of the input voltage, the mean differences between the pyrite recovery and arsenopyrite recovery after plasma modified were significantly changed based on p-values (both of p-values were less than 0.05). It can be seen from Figure 2d that the modification temperature has an effect on the flotation recovery of arsenopyrite and pyrite. With the increase in modification temperature, the recovery of arsenopyrite and pyrite decreases gradually, while the separation efficiency presents an increasing tendency. However, although the p-values were less than 0.05 (Table A2) , the mean recoveries of arsenopyrite and pyrite were all greater than 80% (Figure 2d ) at the plasma-modification temperature in this study. The flotation recovery of both samples decreased gradually with the extension of the plasma pre-treatment. Figure 2 indicates that without plasma pre-treatment, the recoveries of arsenopyrite and pyrite reached 93.12% and 99.81%, respectively. A paired t-test was used to determine whether there was any significant difference in the flotation recovery before and after plasma modification. The results of the t-test (Table A1) indicate that, regardless of the input voltage, the mean differences between the pyrite recovery and arsenopyrite recovery after plasma modified were significantly changed based on p-values (both of p-values were less than 0.05). It can be seen from Figure 2d that the modification temperature has an effect on the flotation recovery of arsenopyrite and pyrite. With the increase in modification temperature, the recovery of arsenopyrite and pyrite decreases gradually, while the separation efficiency presents an increasing tendency. However, although the p-values were less than 0.05 (Table A2) , the mean recoveries of arsenopyrite and pyrite were all greater than 80% (Figure 2d ) at the plasma-modification temperature in this study. The flotation recovery of both samples decreased gradually with the extension of the plasma pre-treatment. Elevated voltage accelerated the reduction of the floatability of arsenopyrite and pyrite. However, excessive input voltage will increase the hydrophilicity of pyrite, thereby reducing the flotation separation efficiency. The flotation recovery of arsenopyrite decreases sharply at a shorter pre-treatment time (1 min), while pyrite remains relatively high floatability. A longer treatment time of plasma does not result in significant changes in the recovery of arsenopyrite, while the recovery of pyrite is still reduced. Therefore, in this study, the separation efficiency is the highest at a shorter treatment time (1 min) and lower input voltage (35 V), which is considered the optimal separation condition of arsenopyrite and pyrite (Figure 2c ).
XPS Analysis Results of Arsenopyrite
XPS analysis can show the chemical properties of material surface. The chemical composition and states of the surfaces of the plasma-modified and bare arsenopyrite were distinguished by XPS based on the unique binding energy of various elements [27] . The atomic concentrations and relative species distributions of a specific element on the surfaces of untreated and plasma-treated arsenopyrite were calculated and fitted with the Thermo Avantage software. The XPS narrow spectra of Fe2p, As3d, S2p and O1s of the arsenopyrite samples are shown in Figure 3 and the fitting results of atomic concentrations and relative species distributions are listed in Table 1 . As ( For the Fe2p spectrum, based on the theoretical core p level multiplet structures (GS multiplets) for free transition elements, Fe(II) has three major multiplet peaks and Fe(III) yields three major multiplet peaks at relative lower binding energy (709.4-711.6 eV) [28] . To accurately compare the changes in the relative species distributions of arsenopyrite before and after the plasma treated, an equal full width half maximum peak width (FWHM) was arranged at the same binding energy. The Fe2p XPS spectra at lower binding energy side (706.1-708.1 eV) can be attributed to Fe(II)-(AsS) [29] . Since the Fe(II) bonded to As-As, As-S or S-S is essentially the same in bonded energy, the Fe(II)-(AsS) peak in this study represents the sum of Fe(II)-(AsS) and Fe(II)-(S 2 ) [28, 29] . The higher binding energy side (712.4-714.4 eV) corresponded to Fe(III)-O formed on the arsenopyrite surface with three multiplet peaks [29, 30] . After plasma modified, the atomic concentration of Fe on the surface of arsenopyrite was decreased from 9.0% to 7.9%, while the content of O was increased from 37.6% to 42.7%. In addition, compared with the bare samples, the proportions of Fe(III)-(AsS) and Fe(III)-O after plasma modified increased from 28.5% and 10.3% to 31.2% and 11.5%, respectively, while the content of Fe(II)-(AsS) was significantly reduced from 61.2% to 57.3%. Figure 3 shows the As3d spectrum of untreated (c) and plasma-treated (d) arsenopyrite. The As3d spectrum of arsenopyrite were fitted by five pairs split peaks. The optimal fitting for arsenopyrite yielded a major peak at 41.3 eV accounting, interpreted as As(-I)-S, while a small peak at 41.8 eV was attributed to As(0) [29, 31] . The high binding energy of As3d spectrum indicates the presence of As in higher oxidation states. Three additional peaks at 43.4, 44.3 and 45.4 eV represent the species of As(I)-O, As(III)-O and As(V)-O, respectively [29] . In comparison with the bare samples, the total amount of As on the plasma-modified arsenopyrite surface decreased from 29.5% to 27.5%. However, the contents of high oxidation states of As (III) and As (V) did not increase after the pre-treatment by plasma, while more changes occurred in the oxidization of As(-I)-S and As(0) to lower oxidized state of As(I)-O.
The S2p 3/2 spectrum of arsenopyrite was fitted with six spin-orbit doublet peaks (Figure 3e,f) . The first doublet of the S2p 3/2 level with binding energy of 161.3 eV corresponded to S in monosulfides formed on the surfaces of arsenopyrite [29, 31] . The second and third doublets formed at binding energies of 162.3 eV and 163.4 eV were attributed to disulfide and polysulfide [29] . The higher binding energies at 166.4 eV and 168.4 eV were attributed thiosulfate and sulfate, respectively [29, 32] . The atomic concentration of S on the arsenopyrite surface decreased from 23.9% to 21.9% after the modification of low temperature oxygen plasma and the proportion of monosulfide and disulfide favorable for the arsenopyrite flotation fell from 13.7% and 57.9% to 11.3% and 55.0%, respectively. Furthermore, the surface component of sulfate increased significantly from 3.9% to 10.4% on the plasma-pre-treatment arsenopyrite surface.
XPS Analysis Results of Pyrite
The XPS narrow spectra of Fe2p, S2p and O1s of the pyrite samples shown in Figure 4 and the results of fitted peak parameters including atomic concentration, binding energy and relative species distribution are listed in Table 2 . The detailed assignments of S, Fe and O were determined according to the references and summarized in Table 1 [33] . After plasma modified, the content of O on the pyrite surface increased from 21.5% to 29.8% and the atomic concentration of Fe and S decreased from 14.0% and 64.5% to 12.9% and 57.3%, respectively. In addition, the reduction of S atomic concentration (7.2%) of plasma-pre-treatment pyrite was more significantly than that of Fe (1.1%). In other words, the ratio of S/Fe on the surface of bare pyrite (4.6) was greater than the plasma-modification samples (4.4). The same GS multiplets method used for fitting the arsenopyrite was employed to analyze the Fe2p 3/2 XPS spectra of pyrite before and after plasma treated. According to Table 2, the Fe2p 3/2 XPS spectra of plasma-modified pyrite show similar fitting results with arsenopyrite (Table 1) . Compared with the bare pyrite, the concentration of Fe(II)-S decreased by 4.5% on the plasma-modified pyrite surface, while the proportions of Fe(III)-S and Fe(III)-O increased by 1.2% and 3.3%, respectively. Moreover, the proportion of sulfate increased from 2.9% to 6.6% after low temperature oxygen plasma modification. 
FTIR Spectroscopic Analysis Results
FTIR reflection spectra of SBX adsorption on the bare and plasma-modified arsenopyrite and pyrite with the SBX concentration of 1 × 10 −4 M is shown in Figure 5 . The characteristic absorption bands of dixanthogen at about 1261.22 cm −1 and 1031.91 cm −1 are observed when bare arsenopyrite is conditioned in SBX solution [34] . However, characteristic band at 1261.22 cm −1 on the plasma-modified arsenopyrite disappeared. In contrast, the characteristic adsorption bands on the surface of pyrite does not show significantly changes, whether or not was modified by plasma. 
ICP-MS Analysis Results
When the arsenopyrite and pyrite particles contact with water in the flotation pulp, some components (e.g., Fe, As and S) on the surfaces of minerals transfer to the liquid phase in an ionic state (e.g., Fe 2+ , Fe 3+ , As(I), As(III), As(V), SO4 2− and S2O3 2− , etc.), which changes the distributions and states of elements on the mineral surfaces and then affecting the surface properties and their flotation behavior. The oxidation of sulfide minerals is closely related to the solubility and oxidation facilitates the dissolution of sulfide minerals, especially heavy metal ions [35] . The effects of plasma pre-treatment on dissolution of arsenopyrite and pyrite surface are shown in Figure 6 . In all the experiments, the output concentration of each component dissolved in aqueous solution increased with the extension of stirring. There was a statistical evidence (both of P-values were less than 0.05) that the plasma modification enhanced the dissolution of Fe and S from the arsenopyrite and pyrite samples in aqueous solution within 5 h leaching time (Tables A3 and A4 ). In contrast, the t-test 
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Zeta Potential Determination Results
Zeta potential is an effective means for determining the interaction of mineral surfaces with flotation reagents in the flotation process [36, 37] . In this study, the plasma surface modification of 
Zeta potential is an effective means for determining the interaction of mineral surfaces with flotation reagents in the flotation process [36, 37] . In this study, the plasma surface modification of arsenopyrite and pyrite has been investigated by measuring zeta potentials of minerals with a wide pH range. Figure 7 shows that the zeta potentials of bare arsenopyrite and pyrite particles decreased with the increase of solution pH. The isoelectric point (IEP) of bare arsenopyrite and pyrite without the addition of collectors were achieved at pH 0.6 and 2.7, respectively. Plasma modification greatly contributed to the positive shifts of zeta potential values of arsenopyrite and pyrite and the IEP shifted to the higher pH 2.14 and 3.22 after plasma modification. In addition, there was no statistically significant difference (both the p-values were greater than 0.05) in the zeta potentials of the bare arsenopyrite in the presence and absence of SBX in the pulp with pH greater than 9 (Table A5) . Likewise, there was no statistically significant difference (both the p-values were greater than 0.05) in the zeta potentials of the bare arsenopyrite in the presence and absence of SBX in the pulp with pH greater than 5 (Table A5 ). However, there was a statistical evidence (both the p-values were less than 0.05) that the zeta potentials of the plasma-modification pyrite in the presence of SBX were less than that in the absence of SBX within a wide pH range (pH ≤ 9) (Table A6) .
potentials of the bare arsenopyrite in the presence and absence of SBX in the pulp with pH greater than 9 (Table A5) (Table A6) . 
Discussion
This study showed that the low temperature oxygen plasma can achieve effective separation of minerals. The effects of plasma on the floatability of arsenopyrite are stronger than that of pyrite, which is consistent with the fact that arsenopyrite is more sensitive to oxidation than pyrite [38] . The pre-treatment time of the oxygen plasma had a negative correlation with the flotation recovery. The reactions of excitation, dissociation and ionization of oxygen took place at the plasma ignition, through which the reactive species were produced [39] . With the increase in plasma pre-treatment time, more reactive species have the opportunity to bombard the mineral surfaces, thereby breaking the original covalent bonds of the crystals and promoting the oxidation and increasing the hydrophilic of mineral surfaces by binding O with Fe-, As-and S- [40] .
With a constant input current (1.2 ± 0.1 A), a higher input voltage indicates higher input power and output power in the experiment system. It is generally believed that the reaction rate increased at high input power is correlated with the energy density. Accordingly, the acceleration in reaction rates can be interpreted by higher densities of reactive oxygen species as well as by rising the gas temperatures [21] . In other words, higher input voltage has higher density of reactive species and reaction temperature. The modification temperature experiments (35 V, 1 min) indicated that the recovery of arsenopyrite and pyrite decreased to 88.35% and 97.51%, respectively. Though the modification temperature increased the separation efficiency of pyrite from arsenopyrite to a certain extent, the changes of minerals hydrophobicity should be primarily attributed to the reaction of the plasma reactive species with the mineral surfaces. It is noteworthy that excessive input voltage will increase the hydrophilicity of pyrite, thereby reducing the flotation separation efficiency. 
With a constant input current (1.2 ± 0.1 A), a higher input voltage indicates higher input power and output power in the experiment system. It is generally believed that the reaction rate increased at high input power is correlated with the energy density. Accordingly, the acceleration in reaction rates can be interpreted by higher densities of reactive oxygen species as well as by rising the gas temperatures [21] . In other words, higher input voltage has higher density of reactive species and reaction temperature. The modification temperature experiments (35 V, 1 min) indicated that the recovery of arsenopyrite and pyrite decreased to 88.35% and 97.51%, respectively. Though the modification temperature increased the separation efficiency of pyrite from arsenopyrite to a certain extent, the changes of minerals hydrophobicity should be primarily attributed to the reaction of the plasma reactive species with the mineral surfaces. It is noteworthy that excessive input voltage will increase the hydrophilicity of pyrite, thereby reducing the flotation separation efficiency.
This study indicates that the effects of plasma modification on the surface properties of arsenopyrite and pyrite are attributed to the changes of the concentrations of oxidation products. XPS analysis indicates that low temperature oxygen plasma pre-treatment of the arsenopyrite surface resulted in substantial enrichment of O and diminution of Fe, As and S. Under the modification of the plasma reaction species, the original sulfide on the surface of arsenopyrite was converted into sulfide/oxide mixed. Consistent with arsenopyrite, oxygen-enrichment region was formed on the surface of low temperature oxygen plasma-modified pyrite. However, the O atomic concentrations on the untreated (21.5%) or plasma-modified (29.8%) pyrite surfaces were much lower than that of the arsenopyrite (37.6% and 42.7% respectively), which may be one of the reasons for the difference of hydrophobicity between the arsenopyrite and pyrite.
In addition, compared with the samples of untreated, the proportions of Fe(III)-O and SO 4 2− on the surfaces of plasma-modified arsenopyrite and pyrite increased, while the concentrations of iron sulfides, monosulfide and polysulfide favorable for flotation show a deceasing tendency. After plasma pretreated, the original sulfide states of the elements Fe and S were oxidized to a more hydrophilic oxidation state. Moreover, the changes of chemical states proportions enhanced the dissolutions of the mineral particles. The lack of iron sulfides and dissolution of iron ions on the surfaces of the plasma-modified minerals resulted in a lower reaction opportunity between the mineral surfaces and collector, which decreased the flotation recovery. It is also noteworthy that the proportions of hydrophilic sulfates and iron oxides species on the pyrite surfaces after plasma pretreated were significantly lower than those of arsenopyrite, which may be another reason for the difference in hydrophobicity between the arsenopyrite and pyrite.
In particular, the proportion of high oxidation states of arsenic on the surface of plasma-modified arsenopyrite was not significantly changed, which is probably correlated with arsenic was the most readily oxidized element in the arsenopyrite surfaces [41] . Consistent with the slight changes in the concentrations of high-valence As(III)-O and As(V)-O (Table 1) , plasma has little effect on the dissolution of arsenic on the arsenopyrite surface. In addition, the concentrations of arsenic and sulfur dissolved from arsenopyrite surface were higher than those of iron, suggesting that the measured elemental ratios in the solution are different from those in the solid phase of arsenopyrite. A similar phenomenon was also observed in the dissolution experiments of pyrite. The non-equimolar ion concentrations indicated that the dissolution of the oxidized arsenopyrite and pyrite is proceeded non-stoichiometrically, which is primarily correlated with the degree of oxidation of mineral components [42] . Plasma modification further increased the differences of "incongruently" or "non-stoichiometrically" dissolution of the mineral components and resulted in a significantly increase in the S/Fe ration of the mineral surfaces. Since the interaction sites on the arsenopyrite and pyrite surfaces with flotation reagents are iron, the decrease in Fe concentration on the mineral surfaces has negative effects on flotation recovery [30] .
In the presence of SBX, the zeta potentials of arsenopyrite and pyrite surfaces became further negative. This indicates that the negatively charged collector adsorbed on the mineral surfaces. With the pH range tested here, most of the zeta potentials of the sample surfaces were negative, suggesting that a chemical adsorption took place through the interaction between collector and the negatively charged arsenopyrite and pyrite surfaces [27] . Regardless of the bare or the plasma-modified arsenopyrite particles, the extent of negative zeta potential change on the mineral surfaces was increased with the increase in the pulp pH. In the pulp with pH greater than 9, a slight effect of SBX on the zeta potentials of the bare arsenopyrite surface was observed from Figure 6a , indicating that there was low adsorption concentration of xanthate on the surface of the arsenopyrite in the alkaline pulp solution (pH > 9). Flotation of arsenopyrite in the pulp using SBX as the collector has been attributed to the oxidation reaction of the xanthate ions (X − ) to dixanthogen (X 2 ), which can be described as follows [3] :
The mentioned change in the zeta potential can be primarily attributed to the pulp redox potential (E H ) values in the alkaline pulp solution below the reversible potential for the X − /X 2 pair [3]. A similar trend was found on the plasma-modified arsenopyrite when the pulp pH was larger than 5, suggesting that the plasma pre-treatment reduced the formation of dixanthogen on the mineral surface. Consistent results were obtained from the results of FTIR spectroscopic analysis, the disappearance of characteristic band of dixanthogen at 1261.22 cm −1 on the plasma-modified arsenopyrite. As a result, the adsorption of xanthate on the surface of the arsenopyrite only occurred in strongly acidic pulp solution. Compared with arsenopyrite, plasma had slight effects on the adsorption of SBX on the surface of pyrite. The differences in the adsorption of xanthate on the mineral surfaces lay the conditions for flotation separation of pyrite from arsenopyrite by low temperature oxygen plasma modified.
Conclusions
To evaluate the underlying mechanisms of the mineral surface modification process and selective flotation, detailed surface analysis was investigated for plasma modified arsenopyrite and pyrite. On the basis of the above discussion and results, the major conclusions were summarized as follows:
Low-temperature oxygen plasma can achieve selective modification of the surface of arsenopyrite and pyrite by controlling the reasonable treating time and input voltage. The modified arsenopyrite was completely hydrophilic, while pyrite still showed an excellent flotation performance.
XPS analysis indicated that the oxidation degree of arsenopyrite was much higher than that of pyrite. Plasma modification resulted in the formation of arsenopyrite surface of substantial enrichment of O and diminution of Fe, As and S. A large number of iron and sulfur on the plasma-modification arsenopyrite surface were converted into higher-valence hydrophilic oxides.
Plasma pre-treatment increased the dissolution of arsenopyrite and pyrite and the dissolution of minerals in aqueous solution was determined according to the oxidation degree of mineral components. Zeta potential determination and FTIR spectroscopic analysis demonstrated that plasma significantly reduced the adsorption of SBX on the surface of the arsenopyrite, which had little effect on the adsorption of SBX on pyrite surface. Plasma modification reduced the floatable pH range of the arsenopyrite and resulted in the adsorption of xanthate on the surface of the arsenopyrite, which was only shown in strongly acidic pulp solution.
It has been demonstrated that low temperature plasmas is expected to achieve efficient separation of sulfide minerals by surface modification. By developing the plasma source for industrial scale material throughputs and researching the atmospheric pressure plasma process, low-temperature plasma might contribute to reduce the dosages of flotation reagents, thereby limiting the hazard of toxic reagents in the beneficiation backwater to the environment. 
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